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INTRODUCTION
Recycling non-renewable resources has become increasingly.
important as man has continuously expected more and more from his
environment.

As stated by Spendlove (1976):

"Recycling certainly is not new. It appears, in fact, to
be one of the most obvious laws of nature, much like the
seasons, the tides, and the life and death processes. It
is not surprising, therefore, that the greatest motivating
force behind present recycling efforts is the worldwide
concern for the deteriorating natural environment. "
This ever-increasing demand for more production has created the need
for more stringent pollution controls to maintain an acceptable
quality of life.

Pollution could be greatly reduced by recycling

waste products which often are a great source of pollutants.

An

excellent example would be phosphorus, which contributes greatly to
the eutrophication of our surface waters.

Though phosphorus is in

plentiful supply today, it is a non-renewable resource.

Another

potential pollutant is fly ash which is becoming more abundant each
day.
Fly ash is the ash collected from the smoke stacks, primarily
by electrostatic precipitators.

It is classified as the particulate

material (si�e range 0. 5u to lOOu) resulting from the combustion of
coal (Tenney and Echelberger, 1970).

Forty-two million tons of fly

ash were produced by the electric utilities of the U. S. in 1975 and
it is estimated 5 2 million tons will be produced annually by 1980
(Faber, 1976).

2
The idea of forming a useful byproduct from two waste mate
rials, namely fly ash and aqueous phosphorus, was very intriguing
and forms the central core of this study.

Brookings municipal

sewage effluent collected at the point where the lagoon empties into
the creek was my aqueous phosphorus source.

The primary objective

of this study was to evaluate the plant-availability of this
phosphorus when removed from sewage effluent by fly ash.

An attempt

was also made to evaluate the efficiency of aqueous phosphorus
removal by the fly ash.

Two greenhouse studies were used to study

the availability of this phosphorus source to plants.
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LITERATURE REVIEW
Aqueous Phosphorus Removal by Fly Ash
Research work has shown fly ash readily removes phosphorus from
polluted water (Tenny and Echelberger, 1 9 70; Behm, 1 9 76; Jensen and
Fine, unpublished data-!/).

Phosphates readily form slightly soluble

and insoluble compounds with iron, aluminum and calcium, which are
present in lignite fly ash (Behm, 1 976; Jensen and Fine, unpublished
data-!/).

Shannon and Fine ( 1 974) reported that typical lignite fly

ash contained about 8. 55% water soluble constituents.
Tenney and Echelberger ( 1 970) listed three unique character
istics of fly ash which causes it to remove phosphorus from solu
tions.

They are ( 1) its adsorptive capacity, ( 2) its water soluble

components, and (3) its settleability.

They attributed the adsorp

tive qualities to the high surface area and to the residual carbon
content of the fly ash.

The beneficial water extracts consist pri

marily of gypsum (CaS04•2HzO) and lime (CaO) with lime being of par
ticular importance when dealing with lignite fly ashes.

They attri

buted the third unique characteristic to the high specific gravity
of fly ash, which approaches that of sand.

Tenney and Echelberger

( 1 970) reported using a fly ash dose equivalent to 1 0 g/1 on a
severely polluted lake water containing about 4 mg/1 P04- 3.

Their

results indicated removal of 88 to 95% of the solution phosphate
_!/Jensen, W. P. and L. o. Fine. Associate Professor of Chemistry,
Professor, Plant Science Department, respectively, South Dakota
State University.
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which remained out of solution the remainder of the experiment
(about 60 days).

/
Jensen and Fine (unpublished data_!_ ) conducted an experiment

mixing various quantities of fly ash with 1 ppm orthophosphate solu
tions.

At the rate of 2. 5 g/1 no orthophosphate remained when shaken
°

for 30 min. at 30 c.

At a higher temperature of 65

phate remained at the rate of 0. 5 g/1.

0

no orthophos-

Another experiment was con

ducted by Jensen and Fine (unpublished data!/) to determine what
portion of the fly ash was most active in phosphate removal.

They

extracted various quantities of fly ash using water@ 80° C for 30
min.

The filtrates were added to equal volumes of 1 ppm P solution

and maintained at 80° for 30 min.

The insoluble portion was also

combined with 1 ppm P solution after which the orthophosphate levels
were measured.

The extracts had removed little phosphate but the

insoluble portion had removed all measurable orthophosphate.
Behm ( 1976) conducted several experiments utilizing fly ash to
remove solution orthophosphate.

She used Gascoyne coal ash at two

rates, 0. 2 g/1 and 0. 1 g/1, to remove phosphate from 1 ppm P solu
tion.

°

°

They were tested at two temperatures (30 C and 80 c) and for

varying time periods of 10 min. to 6 hours.

Although none of the

combinations had apparently reached equilibrium the higher rate and
temperature had removed almost 90% of the orthophosphate after 6
hours.

1/

An experiment was set up to test which portion of the fly ash

- op. cit.
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Fly ash was washed at the

was most active in orthophosphate removal.

°

°

ratio of 2 g/1 for 24 hours at two temperatures, 30 c and 80 c.

The

fly ash residue was then combined with 1 ppm P solution at the same
rate and shaken for 3 hours at the same temperatures, after
filtering only 16% of the P was still in solution at 30 ° c and none
°

was left at 80 C.

The filtered extract was also mixed with 1 ppm P

solution at a one-to-one ratio.

These mixtures were returned to the

water bath at the same temperatures for periods varying from zero to
3 hours.

In all cases complete removal of measurable orthophosphate

occurred.

Since both portions were quite effective another experi

ment was conducted to determine the most active portion of the fly
ash.

Gascoyne fly ash was washed multiple times using a 30 min.
°

shake at 80 c.

The ratio was 1 gram of fly ash per liter of water.

After the extractions the fly ash residue was combined with 1 ppm P
°
solution and again shaken for 30 minutes at 80 c.

Under these condi

tions the fly ash removed 98. 5% of the P when it was not washed,
84. 1% after one washing and only 1. 3% after 9 w ashings.
Behm (1976) also tested the ability of fly ash to remove
aqueous orthophosphate from waste water.

She used waste water from

the Volga, S. D. , waste water treatment pond.

This water, which

tested 2. 27 ppm P, was treated with fly ash from either the Fergus
Falls, Mn. , or Big Stone, S. D. , electrical generating plants at
rates of 1, 3 and 5 g/1.

The Fergus Falls fly ash removed 75. 3,

87. 2, and 92. 7% of the P respectively and the Big Stone ash removed
68. 9, 91. 7, and 95. 6% of the P respectively.

These tests were all
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shaken at 30

°

for 2 4 hours.

Tenney and Echelberger (1970) theorized fly ash removed phos
phates near the surface of the ash particles where more favorable
gradients and pH ranges for phosphate precipitation exist.

They

felt the abundance of calcium going into solution which raised the
pH of the solution contributed greatly.

Jensen and Fine (unpublished

datal-1 ) stated fly ash has a high specific surface and since the
insoluble portion of the fly ash was the more efficient in phosphate
removal it appears the adsorption phenomenon rather than chemical
precipitation removes the phosphates from solution.

Behm (1976)

concluded that fly ash removed phosphates from solution, in part at
least, by a precipitation reaction and not as a result of simple
adsorption.

The composition of the precipitate formed was not

determined but she proposed the reaction was the result, in part at
least, of the calcium ion.

Fly ash does contain quite an array of

cations with calcium, sodium, magnesium and iron being solubilized
readily when the ash is washed (Shannon and Fine, 1974).

Shannon

and Fine (1974) felt the soluble iron derivable from fly ash would
play a major role in aqueous phosphate removal.
In each case just reviewed the authors all agreed that fly ash
did effectively remove phosphates from solutions.

There was some

disagreement on methods and/or means of removal but it is not the
intent of this author to solve this dilennna.
1/
- op. cit.

7

Plant Phosphorus Requirements and Availability
Phosphorus is classified as an essential macronutrient of auto
trophic plants (Black, 1 968; Moore, 1 9 74; Tisdale and Nelson, 1 975) .
Although the phosphorus content in plants is less than that of nitro
gen, potassium, or calcium (Black, 1 968; Moore, 1 974) it is a criti
cal nutrient, more limiting to plant growth than calcium and probably
more than potassium (Black, 1 968) .

Plants contain from 2,000 to

more than 5,000 ppm of phosphorus in their dry tissue, dependent on
their stage of maturity (Salisbury and Ross, 1 969; Miller, 1 958;
Crampton and Harris, 1 969) .

Plant phosphorus requirements can be

met at relatively low concentrations if the concentrations are main
tained .

The consensus of opinion is that most of the phosphorus

absorbed by plants is in the inorganic orthophosphate form (Black,
1 968;

Tisdale and Nelson, 1 975) .

Plants absorb most of their phos

phorus as the dihydrogen phosphate ion (H 2 Po4-) and smaller amounts
as HP04 2 - (Tisdale & Nelson, 1 9 75) .

A phosphorus deficiency does not

create the striking symptoms some other elements do but usually
greatly retards growth .

When the phosphorus content reaches a criti

cal level plants are able to relocate phosphorus from mature tissue
to the active meristematic regions (Tisdale and Nelson, 1 9 75;
Salisbury and Ross, 1 969) .

As a result, mature leaves exhibit defi

ciency symptoms first (Salisbury and Ross, 1 969) .
Phosphorus exists in the soil in both mineral and organic forms,
but mineral forms dominate when the entire profile is considered
(Black, 1 968; Tisdale and Nelson, 1 9 75; Taylor and Kunishi, 1 9 74) .
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The phosphorus in soils is present primarily as an orthophosphate
salt of aluminum, iron, calcium, with hydroxyl and some fluorine
(Black, 1968; Tisdale and Nelson, 1975; Taylor and Kunishi, 1974).
Calcium phosphates predominate in the more alkaline, slightly
weathered soils, and occluded phosphates predominate in the older,
more weathered soils (Black, 1968; Taylor and Kunishi, 1974).

Phos

phates also combine with clays present in the soil, causing the
finer particles to be higher in phosphorus than coarser material,
(Tisdale and Nelson, 1975).

All of these phosphate forms are rather

low in solubility, causing normal soil solutions to have low con
centrations of phosphorus.

The normal range of soil solution phos

phorus is usually less than 0. 1 ppm and rarely greater than a few
ppm (Black, 1968; Tisdale and Nelson, 1975).

According to Black

(1968), the concentration of inorganic phosphorus in soil solutions
tends to be on the same order of magnitude as Olsen's critical con
centration of 0. 0 3 ppm.

The total content of phosphorus in soil is

relatively low as shown by Lipman and Conybeare (1936) who obtained
. 062% as an average value for the phosphorus content in the plow
layer of U. S. cropland.
The renewal rate of soil solution phosphorus becomes very criti
cal if the relatively low concentrations of phosphates in soil solu
tions are to satisfy plant requirements.

The importance of rapid

replenishment of soil solution phosphorus can best be illustrated by
the two following quotations:
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"If a soil with a bulk density of 1. 2 contains 25 per cent
moisture on the dry-weigh basis and 0. 0 3 ppm of P
dissolved in the water, the total amount of phosphorus in
solution in one acre of this soil to a depth of two feet
is 0. 04 pounds. If absorption and renewal of P in the
soil solution were to take place alternately with complete
removal and renewal in each cycle, the soil solution would
have to be replenished 249 times to supply a crop with the
approximately 10 pounds of P it would need for its growth. "
( Tisdale and Nelson, 1975)
"The uptake of, say, 10 to 20 kg of phosphorus per hectare
by an average crop during a single growing season requires
hundreds of times as much phosphorus as can be found in
solution at one time within the depth of rooting in soil
with no more than 0. 03 ppm of phosphorus in solution. "
( Black, 1968)
Normally a quasi-equilibrium state exists between the soil solution
phosphate and that present in the more readily available forms
adsorbed on the soil (Taylor and Kunishi, 1974) (Figure 1).

If a

stronger solution is formed as when soluble fertilizer phosphorus is
added this phosphorus reacts and is adsorbed on the soil.

As plants

remove phosphorus from the soil solution it is replaced by desorbed
phosphorus from the readily available forms of phosphorus present in
the soil (Black, 1968; Taylor and Kunishi, 1974) (Figure 1).

At the

readily available end of the spectrum an equilibrium may be reached
in only minutes or at most a few hours.

As the reaction proceeds

toward the more inert end of the spectrum it may take months or even
years for a new equilibrium to be established ( Taylor and Kunishi,
1974).
Plant Response to Fly Ash and Soil-Ash Mixtures
Except for nitrogen, most essential nutrients required for
plant growth are present in fly ash, though the phosphorus of the

10

PHOSPHATE IN SOLUTION

READILY AVAILABLE

Decreasing
rate of
exchange
Decreasing
availability

INERT

Figure 1.

t

Phosphorus Equilibria :

Conceptual model of the mechanism of phosphate adsorption in soils.
t

Adapted from Taylor and Kunishi ( 1974).
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fly ash is generally unavailable (Hodgson and Holliday, 1966;
and Sidrak, 1 955; 195 6; Adriano et al., 1978).

Rees

In some early work

Rees and Sidrak ( 1955) reported on the difficulty experienced revege
tating fly ash disposal sites.

Their analysis of fly ash indicated

aluminum, manganese, iron and nickel were present in toxic quan
tities.

Sand culture experiments with barley (Hordeum vulgare) were

set up using the above listed toxic metals singularly and in all
combinations to produce symptoms.

Barley was also grown on fly ash

and the symptoms observed were matched with the sand checks.

The

fly ash-induced symptoms were identical with the aluminum and manga
nese combination symptoms.

Tissue analyses also indicated an excess

uptake of manganese and aluminum.

In a later report Rees and Sidrak

(1956) gave a more thorough account of their experiment.

The fly

ash used was about double in aluminum content and only contained one
third of the calcium that lignite fly ashes usually contain.

The

symptoms exhibited by barley plants growing on the fly ash were:
stunted growth, sub-normal tillering, purple stems, and narrow,
erect leaves with yellow brown lesions on the margins leading to
leaf tip die-back.

Later the leaves acquired dark brown spots which

coalesced into streaks.
tilized pots.

This was true on both fertilized and unfer

Spinach (Spinacia sp.) also was detrimentally

affected by both ash treatments, but Atriplex hastata (saltbush)
yielded best on the fertilized ash treatment.
Indicator plants were then tested; brassicae which are sensitive
to high manganese; a second group consisting of dwarf beans
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( Phaseolus sp. ), oats (Avena sativa), and tomatoes (Lycopersicon
sp. ) which are sensitive to aluminum; and runner beans (Phaseolus
sp. ) which are sensitive to both metals.

The brassicae developed

marginal cupping and paling of leaf rims with cauliflower being most
obvious and rutabaga the least.

Mustard developed scorched and

brittle leaf margins somewhat later on.
dwarfed and curled.

Tomato plants were slightly

Oats tillered poorly and were somewhat dwarfed.

Dwarf beans developed chlorotic leaves which were shed prematurely.
Runner bean leaves which were dropped prematurely exhibited inter
veinal paleness and necrotic spotting.
After reviewing the work of Rees and Sidrak (1955 and 1956)
Holliday et al. (1958) concluded that aluminum and manganese were
not the primary causes of the toxicity symptoms observed on plants
grown in fly ash.

They performed an experiment using barley grown

on fly ash-soil mixtures and on soil irrigated with solutions of
borax.

The symptoms developed on the soil-fly ash mixtures were

identical to the symptoms developed on the boron-irrigated plants.
The oat tissue analysis of another experiment provided further evi
dence of boron toxicity.

Tissue analysis from both of these experi

ments indicated visual leaf symptoms always were present if the
boron content was above 200 ppm on a dry weight basis.
Martens et. al. ( 1970) determined that boron deficiency in
alfalfa (Medicago sativa) could be corrected with the use of fly
ash.

The fly ash boron appeared to be about equal in plant availa

bility to NazB40 7 , a compound frequently used to correct B deficiency.
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In another test they determined the application of lignite fly ash
(Fergus Falls, Mn . ), increased the potassium uptake of corn plants
(Zea mays) .

Zinc deficiency of corn plants was alleviated with the

application of fly ash from the Muskingum River plant .

It equaled

the zinc-supplying power of Znso 4 at equivalent levels of total zinc .
Molybdenum availability in fly ash from the Kanawha River, WV, and
Crawford Edison, IL, plants were tested and determined to be nearly
equivalent in Mo availability to Na2Mo04 .

Martens and Beahm ( 1 9 76)

were able to correct a molybdenum deficiency on alfalfa using 12
tons of fly ash per acre .

In a disposal experiment they were able

to apply 64 T/A of weathered (recovered from a lagoon) fly ash
annually for five years without a corn grain yield reduction .

One

42.7 T/A application of this bituminous coal fly ash (non weathered)
did significantly reduce corn grain yield .

Elseewi et al . ( 1 978)

used fly ash on sulfur-deficient soils to test its S-supplying abil
ity .

Yields of alfalfa and bermudagrass (Cynodon dactylon) indicated

fly ash was able to supply sulfur essentially equal to gypsum on a S
content basis .

Tissue analysis confirmed that plants grown on fly

ash-amended soils were normal in their S content while the una
mended soil produced plant tissue in the deficiency range.
Howard et al . ( 1 9 7 7) worked with twelve combinations of fly
ash, soil, sewage sludge, and manure .

Two of the combinations, the

1:2:2 and 1:3:3 fly ash-sludge-soil mixtures, had significantly
greater germination percentages and higher forage yields than all
other combinations .

33887

Western wheatgrass (Agropyron smithii) growth

SOUTH DAKOTA STATE UNIVERSITY LIBRARY
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was outstanding on these two combinations.

They concluded range

land could be successfully revegetated with certain mixtures of fly
ash, soil and sludge with irrigation.

The germination and survival

of blue grama (Bouteloua gracilis), western wheatgrass, and fourwing
saltbush was tested using mixtures of bottom ash and soil (Wester
and Trlica, 1977).

No significant differences occurred except a

lower germination of blue grama on the 100% fly ash zero soil mix
ture.

Wochok � al. ( 1 976) determined that acidic strip mine waste

soils can be reclaimed with the addition of 20- 30 T/A of fly ash.
The reclaimed soils supported weeping lovegrass (Eragrostis curvula),
Kentucky 3 1 tall fescue (Festuca arundinacea), soybeans (Glycine
max), and Lespedeza sp. very well.
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MATERIALS AND METHODS
Two greenhouse experiments were conducted to measure the plant
availability of aqueous phosphorus removed by lignite fly ash .
Gascoyne, N .D . , mine coal fired at the Ortonville, Mn . , plant pro
duced the lignite fly ash used in these experiments .

A typical

analysis of the major elements in this ash is as follows:
Table 1 .

Analysis of the Gascoyne Mine Fly Ash

t

Constituent

Percent

Silicon dioxide

38 . S

Magnesium oxide

8.4

Calcium oxide

21 .3

Sodium oxide

0.9

Aluminum oxide

10 . 4

Potassium oxide

0.5

Constituent

Percent

Ferric oxide

2.4

Phosphorus pentoxide

Trace

Titanium oxide

0.6

Sulfur trioxide

14 . 9

Total • • • • • • • • • · • • • • • ···· • • • • • ·· • • • • • • • 9 7 . 9
J_ / Report of Investigations - Bureau of Mines - 7 158 .

1 968 .

p . 86 .

A randomized complete block design with four replications was
used in each experiment .

Statistical analysis was completed on each

experiment using Tukey's W-procedure (hsd) .

Steele and Torrie ( 1 960)

was used as the reference for all statistical work .
Experiment I
Waste water collected from the outlet of the Brookings munici
pal sewage lagoon served as the aqueous phosphorus source for this
experiment .

One hundred liter quantities of waste water were poured
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into an old water heater tank which had its top removed.
was added to the tank at the rate of 2. 5 g/1.

Fly ash

The mixture was

manually stirred several times daily with samples taken once or
twice a day.

These samples were checked for phosphorus content by

the ascorbic acid procedure (Watanabe 1 965) .

After 5 to 6 days the

aqueous phosphorus level began to stabilize.

The waste water and

ash was then allowed to trickle out through a series of settling
pans (Figure 2).

The fly ash was recovered by filtering using a

Buchner funnel, then air dried.

This process was repeated five

times to acquire sufficient treated fly ash for this experiment.
The recovered material was weighed, moisture content determined, and
phosphorus content calculated.

The results of this process are pre

sented in Table 2.

Figure 2.

Collecting treated fly ash in settling pans.
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Table 2.

Treated Fly Ash: Recovered Quantity and Phosphorus
Content, Experiment I
Material
Recovered,
g

p
Recovered,
mg

Water
%

250

273

630

3. 5

100

250

298

660

3. 9

3

100

250

291

667

4.4

4

100

250

298

674

5. 2

607

4.3

Batch

Waste
Water,
1

1

100

2

Fly Ash
Quantity,
g

275
----------------

90
225
5
-----------------------

1435

Total Recovered

3238

Initial orthophosphate content of the waste water:
Avg. P content of recovered material:

6. 8 mg/1.

2. 26 mg/g.

Washed quartz sand was used as the rooting medium to help elimi
nate phosphorus contamination.

New 15 by 15 cm plastic pots

capable of holding 2. 5 kg of sand were used.
with a polyethylene bag.
of:

Each pot was lined

Seven treatments were set up, consisting

1.

Silica sand plus 250 mg of P/pot from CaH4 ( P04) 2H 20

2.

Silica sand--no amendment

3.

Silica sand plus untreated fly ash

4.

Silica sand plus 105 mg of P/pot from treated fly ash

s.

Silica sand plus 210 mg of P/pot from treated fly ash

6.

Silica sand plus 420 mg of P/pot from treated fly ash

7.

Greenhouse soil--no amendment
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Each pot was mixed with its respective amendment in a plastic bucket
and the mixed material then placed in the lined pot.

All 28 pots

were then saturated using a zero phosphorus Hoagland solution (1950) .
The bags were all pierced several times from the bottom to allow for
the drainage of excess solution.
Prilar barley was planted at the rate of 5 seeds per pot.
These were placed 3 cm deep by poking a hole and then tamping the
seed with an unsharpened pencil (Allen et al. , 1976) .

After ger

mination the plants were either thinned or additional plants were
added as required to reach 4 plants per pot.

The additional plants

were germinated in a controlled daylight and temperature germinator.
After the plants were established, they were watered once or twice
each day.

The modified Hoagland solution (1950) was used, inter

spersed with additions of deionized water.

Sufficient water was

used to flush out excessive salts by leaching several times.

Treat

ment 2 had to be harvested after about 4 weeks as it was exhibiting
severe phosphorus deficiency symptoms and dying.

The remainder of

the experiment was harvested after 7 weeks as the more mature plants
were approaching dough stage.

All aerial material down to a stubble

of 2 cm was taken.
Experiment II
Not relishing the thought of handling waste water again to load
the fly ash needed for this experiment, I used monobasic calcium
phosphate [CaH4 ( P04) zHzO] as the phosphorus source.

The water heater

tank was loaded with deionized water and 6000 mg of P.

To this 125 0 g
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of Ortonville fly ash was added and the mixture manually stirred.
When a sample was checked it was determined that essentially no P
remained in solution.
tank.

An additional 4000 mg of P was added to the

Again after several days no P remained in solution but since

sufficient material had been produced, the loading was discontinued.
The fly ash was recovered in settling pans as per Experiment I and
air dried.

This fly ash was calculated to contain 8 mg of P per

gram on a dry weight basis.
Soil (Flandreau series-Udic Haplustolls) collected from the SE
1/4 of the SE 1/4 of Sec. 24, T. 1 11N, R. 48W, Brookings County, South
Dakota was used.

The soil was taken from the 15-30 cm depth to

exclude surface applied fertilizers.

The soil tested 4. 5 mg of

available P/kg (9 lbs./A) and had an organic matter content of 2. 9%
according to tests by the soil testing laboratory at South Dakota
State University.

Textural analysis by the hydrometer method classi

fied the soil as a clay loam (Bouyoucos 1962) .
fied as suggested by Yaalon ( 1976).

This method was modi

Thirty-eight grams of sodium

metaphosphate (NaP03) 6 and 8 g of sodium carbonate (Na 2 C0 3) were used
per liter of dispersing agent (Malo 1974).

The cation exchange

capacity ( CEC) was determined to be 21 meq/100 g by the sodium sat
uration method (Black, 1965; Hesse, 1971).

The procedure was modi

fied to a 3 g sample and a hand stirring device was used instead of
shaking.

The sodium in extracts was determined by the flame photo

meter method.

Soil pH, saturation extracts and exchangeable cations

were measured on this soil.

These values are given in Table 3.
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Table 3.

Some Characteristics of Flandreau Soil
( 15-30 cm) as used in Experiment II

Soil pH

5. 9

°
EC x 103 = 0. 738@ 25 C

Cations in
saturation extract
meq/ 100 g

Exchangeable
cations
meq/ 100 g

---------0. 8

Na

O.L>2

Mg

0. 09

3. 2

Ca

0. 17

15. 0

After cleaning, the same plastic pots used in experiment one
were lined with new polyetholene bags.

Each pot received 1 .8 kg of

soil mixed with the appropriate ammendment.

Six treatments were set

up consisting of:
1.

Soil plus 200 mg of P/pot from CaH4 (P0 4)HzO

2.

Soil--no ammendment

3.

Soil plus untreated fly ash

4.

Soil plus 100 mg P/pot from treated fly ash

5.

Soil plus 200 mg P/pot from treated fly ash

6.

Soil plus 400 mg P/pot from treated fly ash

All 24 pots were saturated with 500 ml of deionized water and
allowed to soak for a couple of days after which holes were pierced
in the bottom of the bags to allow the drainage of excess water.
Prilar barley was planted at the rate of 6 seeds per pot using
the same method as in experiment I.

All seeds germinated, producing
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a perfect stand of 144 plants so none were rogued.

The pots were

watered using the modified Hoagland solution ( 1950) and leached with
deionized water about every two weeks.

Harvest was after 7 weeks,

though the barley was much less mature than in experiment I.
all aerial material was taken leaving a stubble of 2 cm.

Again

An attempt

to produce a second growth was made but many plants died so the
experiment was terminated.
Laboratory Procedures
The harvested material from each experiment was oven dried at
°

65 c and weighed.

The barley tissue was ground with a Wiley No.

2 mill and reground using a Wiley intermediate mill.

Composited

samples of each treatment were taken and sent to the Research
Analytical Laboratory at the University of Minnesota, St. Paul.

The

samples were analyzed by inductively coupled plasma-atomic emission
spectroscopy ( IC P) (Robinson, 1978).

The samples were analyzed for

P, K, Ca, Mg, Al, Fe, Na, Mn, Zn, Cu, B, Pb, Ni, Cr, Cd, and Co, or
16 elements total.
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RESULTS AND DISCUSSION
Two greenhouse experiments were conducted to study the plant
availability of aqueous phosphorus removed by lignite fly ash.
Barley was chosen as the indicator plant for two reasons; it has a
fibrous root system, and a fairly high phosphorus requirement.

While

coordinating greenhouse pot tests with field experiments Bingham
( 1 95 1)

found barley tissue markedly reflected the plant-available

phosphorus condition if it was growth-limiting.

Monobasic calcium

phosphate (CaH4 ( P0 4) 2H 20) was used as the fertilizer phosphorus
source in both experiments.

The results of both greenhouse studies

were measured by total aerial tissue yield (g/ pot dry matter) and
the average milligrams of phosphorus recovered per treatment pot.
In the sand culture experiment the fertilized sand check and
the greenhouse soil yielded essentially the same, indicating the
Hoagland solution used was nutritionally adequate for normal growth
except for the absence of phosphorus (Tables 4 and 5) (Figure 3: a,
b, and c).

The unammended sand and the untreated fly ash/ sand pots

also yielded alike but drastically less than the optimum checks.
The three treated fly ash treatments all did show a yield increase
above the zero phosphorus treatments but only the half rate of P ( 105
mg) and the standard rate of P ( 2 10 mg) were significantly greater
than the zero checks in yield.

It is fairly evident the fly ash

caused secondary effects which depressed tissue yield.

The total P

recovered from each treatment pot by the barley was proportional to
the tissue yield.
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Figure 3a.

Barley Treatments 7 and 1 Respectively; Experiment I.

Figure 3b.

Barley Treatments 3 and 2 Respectively; Experiment I.
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Figure 3c.

Barley Treatments 4, 5, and 6 Respectively; Experiment I.

Table 4.

Plant and Phosphorus Yields in Experiment I

Treatments

Tissue
Yield,
g/pot
means

Avg. P
Recovered
per pot,
mg

22. 05

33. 6

1.

Sand plus
Fert. P ( 250 mg)

2.

Sand

0. 78

0. 6

3.

Sand plus
Untreated Fly Ash (93 g)

0. 65

0.7

4.

Sand plus 105 mg P
Treated Fly Ash (46. 5 g)

13. 23

27 . 3

5.

Sand plus 2 10 mg P
Treated Fly Ash (93 g)

9. 08

24 . 7

6.

Sand plus 420 mg P
Treated Fly Ash ( 186 g)

4. 88

12 . 7

7.

Greenhouse Soil

2 1. 40

33. 4
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Table 5 .

Experiment I (SAND) Analysis of Variance
in Yield Data

Source
of
Variation

Degrees
of
Freedom

Sum
of
Squares

27

20 1 2 . 00

Replication

3

13 . 06

4 . 35

Treatment

6

1 938 . 4 1

323 . 07

18

60 . 53

3 . 36

Total

Rep . by Trt .

Mean
Square

Significance
Level

N .S .
**

**Significant at the 0 . 02 level .

Tukey's (h . s . d . )

. 0 1 Lvl .

Value

=

Treatment

3

2

6

5

4

Yield mean

. 65

. 78

4 . 88

9 . 08

13.23

5 . 307

7
2 1.4

1
22 . 05
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The phosphorus recovered in treatments 4 and 5 does show that the
plants were able to recover the P from the fly ash quite well.
P concentration in the barley tissue for all three fly ash treatments was higher than in any of the other treatments.

The
p

These

plants were not as mature as the fertilizer P and greenhouse soil
treatment checks, thus the higher concentration of tissue P would be
expected.

This experiment (sand culture) exhibited pozzolanic acti

vity within a week of planting.

The pozzolanic activity primarily

affected the three treatments where higher levels of fly ash were
used (treatments 3, 5, 6), confirming reports of pozzolanic activity
by Howard et al. ( 1977) and also by Wester and Trlica ( 1977) while
working with ash in range revegetation.

Poor emergence occurred,

especially on treatment 3 (untreated fly ash).

Additional plants

were placed in the pots containing less than 4 plants either from
pots which had extra plants or with plants from the germinator.
The soil culture experiment indicated again a great response to
added phosphorus (Tables 6 and 7) (Figure 4 a and b).

The una

mended soil treatment yielded essentially the same as the two zero
phosphorus treatments had yielded in experiment I.

In this experi

ment the untreated fly ash did give a significant tissue yield
increase over the unammended soil.

All three treated fly ash treat

ments yielded significantly higher than the untreated fly ash treat
ment.

Among the three treated fly ash treatments there was no

significant yield difference, nor did they yield as much as the fer
tilized treatment.

This again indicates a secondary effect of fly

27

Figure 4a.

Barley Treatments 2, 1, and 3 Respectively; Experiment II.

Figure 4b.

Barley Treatments 4, 5, and 6 Respectively; Experiment II.
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Table 6.

Plant and Phosphorus Yields in Experiment II

Treatments

Tissue
Yield,
g/pot
means

Avg. P
Recovered
per pot,
mg

12.33

4 1.6

1.

Soil plus
Fert. P ( 200 mg)

2.

Soil

0. 70

0. 9

3.

Soil plus
Untreated Fly Ash (25 g)

2. 40

4. 0

4.

Soil plus 100 mg of P
Treated Fly Ash (12.5 g)

4.65

8. 0

5.

Soil plus 200 mg of P
Treated Fly Ash (25 g)

5. 00

10. 3

6.

Soil plus 400 mg of P
Treated Fly Ash (50 g)

3. 93

9. 4
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Table 7 .

Experiment II (SOIL) Analysis of Variance
in Yield Data

Source
of
Variation

Degrees
of
Freedom

Sum
of
Squares

23

325 . 07

Replication

3

1 . 17

0 . 39

Treatment

5

320 . 06

64 . 0 1

15

3 . 84

Total

Rep . by Trt .

Mean
Square

Significance
Level

N .S .

**

. 256

**Significant at the O . 0 1 level .

Tukey's (h . s . d . )

. 0 1 Lvl .

Value

=

1 . 46 7

Treatment

2

3

6

4

5

1

Yield mean

.7

2.4

3 . 93

4 . 65

5 . 00

12 . 33
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ash which reduced barley tissue yield below optimum .

The weights of

phosphorus recovered in the various treatments again were propor
tional to tissue yields .

In this experiment all of the fly ash

ammended treatments did show a higher tissue phosphorus content than
the unammended treatment, though none reached the level of the P
fertilizer treatment .
The use of soil rather than quartz sand did alleviate the poz
zolanic activity observed in experiment I .

Apparently it did not

eradicate the secondary effect of the fly ash observed on barley
tissue yield .

The boron content was high in all plant tissue grown

on fly ash am.mended pots in both experiments .

The tissue ranged

from 2 18 ppm to 1827 ppm of boron as shown in Table 8 .

Holliday et

al . ( 1 958) indicated visual boron toxicity symptoms were present on
barley whenever its B content exceeded 200 ppm .

Adriano et al .

( 1 978) believe B is the principal plant growth inhibitor present in
unweathered ash .

They listed barley as sensitive to boron .

Martens

and Beahm ( 1 976) reported reduced corn grain yields from the appli
cation of high rates (42 . 7 T/ A) of unweathered fly ash .

Visual

symptoms and tissue analysis indicated a boron toxicity problem .

As

can be seen in the photos (Figure 4 a and b) , unusual growth characteristics were also present on the treatments in experiment two
which did not contain fly ash .

A sample of the soil was scanned by

the Biochemistry Department at S .D.S . U . for herbicides but none were
identified .

Some of the soil was also tested for Atra zine carryover

by the activated carbon treatment (Wrage > 1 9 7 7) but the symptoms still
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Table 8.

t

Barley Tissue Analysis and Normal
Range� on Five Selected Elements

Normal Range
Experiment I
Trt. 1
Trt. 2
Trt. 3
Trt. 4
Trt. 5
Trt. 6
Trt. 7
Experiment II
Trt. 1
Trt. 2
Trt. 3
Trt. 4
Trt. 5
Trt. 6

Normal Range
Experiment I
Trt. 1
Trt. 2
Trt. 3
Trt. 4
Trt. 5
Trt. 6
Trt. 7
Experiment II
Trt. 1
Trt. 2
Trt. 3
Trt. 4
Trt. 5
Trt. 6

p
ppm
30010,000

B
ppm
101 00

1,525
736
1,0 13
2,064
2,7 2 7
2,600
1,560

66
78
80 1
2 18
312
355
23

3,37 1
1,307
1,64 2
1,7 2 1
2,05 2
2,39 9

34
61
1,589
575
9 25
1,827

K
ppm
2000100 ,000

Ca
ppm
10001 00,000

Mg
ppm
50020,000

42,265
6 1,876
59,54 1
37,869
36, 165
39,802
48, 189

7,253
1 1,82 2
9,386
6,469
7,365
4,945
7,4 95

2,822
4, 1 18
4,0 16
3,264
3,974
4, 1 96
2,844

45,374
48,700
59,23 1
62,706
62,005
5 9,4 14

14,434
1 2,074
8,6 9 1
1 1 ,368
10,4 2 1
9,909

5,325
4,524
3,67 2
4,06 9
3,863
3,739

J_/ Analyzed by the Research Analytical Laboratory.
University of Minnesota. St. Paul, Mn.

+I

Normal Ranges. Walsh, L. M. (ed. ) . 1 97 1.
Instrumental Methods for Analysis of Soils and Plant
Tissue. Soil Sci. Soc. of Am. Inc. Madison, Wi.
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persisted.

Greenhouse soil, an old pot of treatment 2 soil and

additional soil collected from the same field were all planted to
barley and placed in the same location.

Oats, sp ring wheat and rye

were also planted in these pots but none of the p lants in any of the
p ots developed any symptoms.
A fter comp aring the rep orted levels of potassium, calcium, and
m agnesium with the normal ranges for these nutrients it is obvious
they fall well within the normally expected ranges (Walsh, 197 1)
( Table 8 ).

The phosp horus levels reported also fall within the nor

m al ranges though the zero P treatments are the lowest in each
experiment and are ap p roaching the lower end of the normal range.
This author feels strongly that these facts offer proof that the
barley was able to recover at least a portion of the aqueous phosphorus removed by the fly ash.
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SUMMARY AND C ONCLUSIONS
A greenhouse study was conducted using barley as an indicator
plant to measure the plant availability of aqueous phosphorus
removed by fly ash.

Two experiments were conducted with the first

using a quartz sand culture and the second using a low phosphorus
soil.

In both experiments the phosphate-enriched fly ash treatments

significantly out yielded the zero P checks.

This indicates that the

plants were able to recover at least part of the aqueous derived
phosphorus.

Bot h experiments exhibited evidence that there was a

detrimental influence from the fly ash which depressed tissue yield.
I t appears that boron was present in toxic quantities.
Furt her work needs to be done under field conditions and pre
ferably with a more boron-tolerant crop than barley.

This author

believes weathering of the fly ash, as in a lagoon, also would
decrease the boron problem.

If this work could be compared to these

suggested studies there is the likelihood further beneficial uses of
this proposed process could be discovered.

The possibility of form

ing a useful by-product from two pollutants still is very good.
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